Various immediate early genes (IEGs) up-regulated during the early process of liver regeneration are transcriptional targets of the Serum Response Factor (SRF). We show here that the expression of SRF is rapidly induced in rodent liver after partial hepatectomy. Because the inactivation of the SRF gene in mice is embryonic lethal, the in vivo role of SRF in liver regeneration after partial hepatectomy was analyzed in mutant mice conditionally deleted for SRF in the liver. We demonstrate that SRF is not an essential factor for liver ontogenesis. However, adult mutant mice show impaired liver regeneration after partial hepatectomy, associated with a blunted up-regulation of various SRF target IEGs. In conclusion, our work suggests that SRF is an early-response transcription factor that may contribute to the initial phases of liver regneration through its activation of immediate early genes.
Introduction
The liver presents a remarkable capacity to regenerate after injury. Most of our knowledge on liver regeneration derives from studies performed after 2/3 partial hepatectomy (PH) in rodents. In response to this surgical procedure, the remnant hepatocytes enter the cell cycle in a highly synchronized manner and restore the lost mass in 1 to 2 rounds of cell division. The first critical phase, initiated a few minutes after PH, is called the priming phase and shows the induction of immediate early genes (IEGs) at both transcriptional and translational levels (26). It corresponds to the exit of the hepatocytes from G0 quiescent state, rendering them susceptible to a set of factors leading to their progress through the cell cycle (9) . SRF is a ubiquitously expressed transcription factor that binds as a homodimer to the CArG box sequence and requires a MADS (MCM1, Agamous, Deficiens, Serum response factor) box for its transcriptional activity (27) . SRF-directed gene activation has been observed at different stages of the cell cycle (11) . Moreover, an essential involvement of SRF has been assumed in the control of proliferation and cell-cycle progression (24) .
Total gene invalidation of SRF is embryonic lethal in mouse at the onset of gastrulation (1) . Because SRF is a transcription factor responsible for the induction of IEGs (25) , among which some are normally up-regulated in the liver during the priming phase after PH, such as c-fos, Egr-1, JunB or pip92, (4) , (30) , we wondered if it could play a role in liver regeneration. Using the conditional knockout Cre-Lox strategy, we therefore investigated whether genetic disruption of SRF expression in the liver could affect the normal liver development and the hepatic proliferative response following 70% hepatectomy. We show here that conditionally deleted animals displayed impaired regenerative response after partial hepatectomy. This phenotype was associated with delayed expression of cell cycle-regulatory proteins and impaired induction of various SRF target IEGs, such as c-fos, Egr-1 and JunB.
Material and Methods

Animals and Surgery.
Alfp-Cre mice (14) were bred with SRF-exon 2-floxed homozygous mice (SRF 
PCR analysis of SRF gene deletion
Cre recombinase-mediated excision of the floxed Srf allele was detected by PCR on DNA from different organs using primers SF1: 
Northern blot analysis
RT-PCR analysis
For RT-PCR, the first-strand cDNA synthesis was performed with 5µg of total RNA in a final volume of 20 µl according to the manufacturer's instructions (Promega). One µl of this reaction was used for PCRs using oligonucleotides SF4: 5'-TCATCGACAACAAGCTGCGGCGCT-3', SF5:5'CAGGTAGTTGGTGATGGGGAAGGA-3'. PCR cycles were as follows: 94°C for 4 min, followed by 25 cycles of 94°C for 30 sec, 55°C for 20 sec, and 72°C for 30 sec.
Quantitative RT-PCR analysis
Quantitative RT-PCR analysis was carried out using standard protocols (Invitrogen Superscript II 
Western blot analysis
Liver lysates were prepared by homogenization and mixed in 2X Laemmli sample buffer. 40µg
protein were resolved by SDS-PAGE in 12% polyacrylamide gels and transferred to nitrocellulose. 
Statistical analysis
Statistical analyses were performed using the software Statview 4.5. Data sets were compared by using Student t-test and one way analysis variance. Non-normally distributed data were compared by using the Mann-Whitney test (kinetics study of BrdUdr incorporation). Data are represented as mean + SEM with the following symbols indicating the level of significance: **, p<0.001 *, p<0.05.
Results
SRF gene expression in the liver after partial hepatectomy
To determine whether SRF expression was modulated during liver regeneration, we used the wellcharacterized model of liver regeneration after two-thirds partial hepatectomy. We investigated SRF transcriptional expression pattern at different times after two third PH in wild type animals. We demonstrated, using real-time RT-PCR, that SRF is strongly induced after partial hepatectomy. We detected an early up-regulation of SRF transcription as soon as 90 minutes following PH and a peak at around 12h post-hepatectomy (Fig 1) .
Liver-specific inactivation of SRF
To evaluate the role of SRF in the liver development and regeneration process, we created a conditional knockout model of SRF specifically targeted in the liver. Mice homozygous for the floxed
) (23) were bred with Alfp-Cre transgenic mice that express the Cre recombinase under the control of the albumin promoter and alfa-fetoprotein enhancer (14) . These transgenic mice have been shown to express the recombinase in the hepatic bud before embryonic day 14.5, targeting both hepatocytes and biliary cells but not endothelial cells or mesenchymal cells (7) . Following Cremediated recombination, SRF exon 2 that encodes 2/3 of the MADS box is excised, resulting in a non-functional truncated protein unable to bind DNA, to homodimerize or to have a negative transdominant effect (23) (Fig 2A) . Transgenic mice harboring both the Cre transgene and two floxed SRF alleles (SRF f/f Cre+) were born with Mendelian frequencies and adult animals were healthy and fertile. As expected, recombination occurred specifically in the liver and not in other organs (Fig 2B) between E10.5 and E12.5 ( Fig 2C) . RT-PCR (Fig 2D) and northern blot (Fig 2E) analyses revealed barely detectable full length SRF transcripts in the liver of adult SRF f/f Cre+ mice whereas the expected two alternative transcripts (4.5 kb and 2.5 kb) were detected in Cre-mice. The livers of adult mutant animals show no obvious abnormalities. Altogether, these data indicate that conditional deletion of exon 2 inactivated the SRF gene specifically in the hepatocytes and that this SRF deletion did not impair liver development.
Impaired liver regeneration in SRF mutant mice
We then followed the kinetics of liver regeneration post PH in invalidated Cre+ mutants and their control Cre-littermates. There was no significant difference in survival after PH between Cre+ and
Cre-mice. BrdUrd incorporation was detected by immunohistochemistry to evaluate the proportion of hepatocytes in S phase at different times after PH. As shown in Fig. 3A and Fig.3 B, BrdUrd incorporation was significantly reduced and delayed 30h and 36h after PH in Cre+ animals compared to Cre-mice (Fig. 3A,B) . To determine whether the progression through mitosis was also delayed or impaired, hematoxylin-eosin stained liver sections from Cre-and Cre+ animals were analyzed at different times after PH for mitotic figures (Fig. 3C,D) . The results showed that the mitosis frequency at 48 hours after PH was significantly greater in SRF f/f Cre-than in SRF f/f Cre+ mice (p<0.05). Taken together, these data show that in the liver of mice invalidated for SRF, hepatocellular cell cycle progression was delayed. Seven days after PH, there was no more significant difference in the liver weight /body weight ratio, indicating that regeneration was finally completed in mutant mice.
Moreover, no evidence of enhanced cell death could be seen in mutant livers post-hepatectomy by TUNEL analysis (data not shown).
To assess whether the observed decrease in DNA synthesis was the consequence of impaired progression of hepatocytes through the G1/S restriction point, we measured the protein levels of cell cycle associated proteins after PH. Cyclin A and cyclin E were induced in Cre+ mutant mice but with a significantly delay compared to Cre-control mice (Fig.4 A,B) . In Cre+ mutant animals, cyclins E and A were induced at 44 hours compared to 30H and 36H in Cre-controls respectively. These results
show that SRF deletion causes a delay in the progression through the G1/S transition phase, confirming the results obtained in mutant mice by BrdUrd incorporation.
Altered induction of IEGs
Immediate early genes are involved in the first step of liver regeneration called the priming phase that is initiated a few minutes after partial hepatectomy. Because the phenotype observed in mutant liver occured early during the liver regeneration process, we wondered whether this delay could be a consequence of a blunted induction of immediate early genes. First, we examined the expression of 2
IEGs, c-myc and Egr-1, known to be up-regulated 2 hours after PH and still induced at 12 hours. Egr-1 is a known transcriptional target of SRF, while c-myc is not. c-myc expression was not differently induced 90 min and 12 hours after PH in mutant and control animals (Fig. 5A) . In contrast, Egr-1 was only induced in control animals and not in mutant ones (Fig. 5B) .
We looked at other IEGs that are known targets of SRF and are normally induced at early points after PH. Mutant mice showed a differential immediate-early gene activation 2 hours after PH when compared with wild type littermates, as evidenced by the reduced levels of JunB, c-fos and pip 92 (Fig. 5C ). In contrast, Cyr61 expression was not affected. Impairment in the activation of these immediate-early genes is consistent with the induction of SRF gene expression shortly after liver resection. Together these observations suggest that the early induction of SRF after PH is required for the normal onset of liver regeneration.
Discussion
Serum Response Factor is a transcription factor with a dual specificity (28) 
Figure 4
Cyclin expression after PH in SRF mutant versus control livers.
Western blots showing cyclins A (A) and cyclins E (B) expression in mutant Cre+ livers compared to
Cre-control livers at different times after PH. -Tubulin was used as an internal loading control. 
